It is well established that the migration and proliferation of vascular smooth muscle cells (VSMCs) have major roles in the vascular remodeling process. Our previous study showed that the Akt substrate Girdin, which is expressed in VSMCs and endothelial cells, is essential for postnatal angiogenesis. However, the function of Girdin and its Akt-mediated phosphorylation in VSMCs and their in vivo roles in vascular remodeling remain to be elucidated.
V ascular injury caused by angioplasty induces deendothelialization, which promotes the deposition of platelets at the injured site and subsequent recruitment of leukocytes. Growth factors and cytokines released from platelets, leukocytes and vascular smooth muscle cells (VSMCs) stimulate the migration and proliferation of VSMCs, which results in neointima formation and restenosis. [1] [2] [3] The phosphatidylinositol 3-kinase (PI3K)-Akt pathway is a key regulator of several processes such as cell survival, proliferation and growth downstream of these humoral factors. 4 -6 Accumulating evidence suggests that the PI3K-Akt pathway and its downstream components also play essential roles in vascular remodeling. [7] [8] [9] [10] [11] However, the underlying molecular mechanisms are not completely understood.
A search for Akt-binding proteins led to the identification of Girdin (girders of actin filament), also known as Akt phosphorylation enhancer (APE) and G␣-interacting vesicle associated protein (GIV). [12] [13] [14] Girdin is a large 220-kDa protein with unique amino-and carboxylterminal domains flanking a long coiled-coil region. Girdin forms oligomers through its amino-terminal domain and coiled-coil region. The carboxyl-terminal domain contains the actin-binding site and the phosphatidylinositol phosphate-binding motif located near the Akt phosphorylation site (serine 1416). Therefore, Girdin is postulated to crosslink actin filaments and to anchor them to the plasma membrane in quiescent cells. In response to growth factors, Akt phosphorylates Girdin at serine 1416, and the phosphorylated Girdin detaches from the plasma mem-brane with actin filaments. Subsequently, the phosphorylated Girdin accumulates in the lamellipodia of migrating cells, leading to the rearrangement of the actin cytoskeleton. 12 To our knowledge, Girdin is the only actin-binding protein that is directly phosphorylated by Akt.
We recently reported that Girdin is expressed in immature endothelial cells to regulate vascular endothelial growth factor-mediated postnatal angiogenesis. Importantly, Akt-mediated phosphorylation of Girdin is required for the migration of endothelial cells. 12, 15 It is of note that other evidence suggests the synergistic action of Girdin and Akt and the involvement of Girdin in multiple signaling pathways. For example, Girdin enhances Akt signaling 13 and acts as a nonreceptor guanine nucleotide exchange factor to activate the G␣ i subunit of heterotrimeric G proteins in resting cells rather than in activated cells. 16 Another report suggested the involvement of Girdin in DNA synthesis, although the underlying mechanism has not yet been determined. 13 Considering the fact that aberrant Akt signaling leads to impaired angiogenesis 15 and vascular remodeling, 7 an important but yet unanswered issue is whether Girdin and its Akt-mediated phosphorylation have roles in the pathophysiology of vascular dysfunction, remodeling and diseases.
We previously showed that Girdin is expressed in VSMCs but not endothelial cells in large vessels with a thick smooth muscle layer, such as carotid and femoral arteries. 15 The roles of Girdin and its phosphorylation in VSMCs have not yet been reported. In the present study, we investigated whether Girdin modulates the vascular remodeling process in vitro and in vivo. We examined the ability of Girdin to induce cell migration, proliferation and survival in human (h)VSMCs. We also evaluated the function of Girdin in neointima formation using an adenoviral vector encoding short hairpin (sh)RNA directed against Girdin, and Girdin S1416A knock-in mice that we generated, in which serine 1416 was replaced with alanine. Our observations indicate that the Akt/Girdin signaling pathway is crucial for the vascular remodeling process.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Generation of Girdin S1416A Knock-In mice
Conventional gene-targeting techniques were used to generate Girdin S1416A knock-in mice, as detailed in the expanded Online Methods.
Statistical Analysis
Data are presented as the meansϮSEM. A statistical analysis was performed using Student t test. A value of PϽ0.05 was considered to be significant.
Results

Platelet-Derived Growth Factor and Angiotensin II Induced the Phosphorylation of Girdin
Because platelet-derived growth factor (PDGF) and angiotensin II are potent activators of Akt in VSMCs, [17] [18] we examined whether they can lead to phosphorylation of Girdin at serine 1416, which is a phosphorylation site for Akt, in hVSMCs. The phosphorylation of Girdin was increased by PDGF-BB, and the phosphorylation reached a maximum at 5 minutes after addition of PDGF-BB (Online Figure I, A) . Additionally, Angiotensin II caused an increase in the phosphorylation of Akt, and increased the phosphorylation of Girdin at serine 1416 without affecting the overall expression of Girdin (Online Figure I, B ). This phosphorylation reached a maximum at 5 minutes after the addition of Angiotensin II. In addition, the treatment with LY294002 or small interfering (si)RNA-mediated Akt knockdown markedly attenuated the phosphorylation of Girdin (Online Figure I, C and D). These data indicate that the phosphorylation of Girdin is increased by both PDGF-BB and Angiotensin II, two important mediators during the process of vascular remodeling, in a PI3K-Akt signaling pathway-dependent manner.
Depletion of Girdin Has Little Effect on the Activity of Akt and Rho-Kinase
Considering previous reports suggesting Girdin-mediated regulation of intracellular signaling pathways, 13, 19 we determined the hierarchy of regulation for Girdin and the PI3K-Akt and Rho-Rho-kinase signals in hVSMCs. We assessed the effects of RNA interference-mediated Girdin depletion (knockdown) on these signaling pathways in hVSMCs. The Western blot analyses showed that transfection of Girdin siRNA effectively reduced the expression of Girdin (Online Figure II, A) . However, the depletion of Girdin did not affect the phosphorylation of Akt, glycogen synthase kinase-3, or MYPT1 (myosin phosphatase target protein 1) in hVSMCs (Online Figure II, A and B ). The phosphorylation of extracellular signal-regulated kinase was also not affected (Online Figure II, A) . Although other groups have reported that the depletion of Girdin attenuated the phosphorylation of Akt in several types of immortalized cells, 13, 19 our results revealed that, in hVSMCs, Girdin depletion has little effect on the activity of these signaling pathways. 
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Girdin Is Essential for Rearrangement of the Actin Cytoskeleton and Migration of hVSMCs
The migration of VSMCs across the internal elastic lamina from the tunica media is a key process in neointima formation after vascular injury. 2 We confirmed that Girdin localizes at actin structures such as stress fibers and lamellipodia in hVSMCs as observed in other cell types (Online Figure III) . 12, 15 Therefore, we examined the functions of Girdin on the remodeling of the actin cytoskeleton and the migration of hVSMCs. Serum-starved control and Girdin-depleted hVSMCs showed no apparent morphological differences. However, after stimulation with serum, the stress fibers were disrupted, and the outlines of the cells became irregular in the Girdin-depleted hVSMCs ( Figure 1A ). In addition, when cells were stimulated with PDGF-BB, the wide extension of lamellipodia at the leading edge was markedly attenuated, and only small membrane protrusions could be seen in the Girdin-depleted cells ( Figure 1B) . The normalized length of the lamellipodia around Girdin siRNA-transfected cells was significantly reduced ( Figure 1C ). These results indicate that Girdin has an important role in actin remodeling at the peripheral lamellipodia in migrating hVSMCs. Next, the involvement of Girdin in cell migration was examined using wound-healing assays. The number of cells which migrated into the wounded area and the migration velocity were significantly reduced in the Girdin-depleted cells as compared to the control cells ( Figure 2A and 2B). Moreover, in Boyden chamber assays to detect directed 3D cell migration toward chemotactic cues, Girdin siRNA-transfected cells displayed a significant delay in cell migration in response to PDGF-BB ( Figure 2C ). These findings suggest that Girdin is involved in the PDGF-induced migration of hVSMCs. We assessed cell adhesion as shown in Online Figure IV . However, we found no significant difference between the control and Girdin-depleted cells.
Girdin Is Involved in the Proliferation, but Not the Survival, of hVSMCs
To assess the effect of Girdin on hVSMC proliferation, we performed MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] colorimetric assays. On day 5 after the transfection of siRNAs, the proliferation of the Girdin-depleted cells was markedly suppressed ( Figure 3A ). This suggests that Girdin contributes to hVSMC proliferation. Furthermore, as shown in Online Figure V, Girdin knockdown significantly increased the number of multinucleated cells, which is a characteristic feature of failure in cytokinesis. To test the possibility that the reduced proliferation of Girdindepleted cells was attributable to increased cell death, we examined the effect of Girdin knockdown on apoptosis and cell death using flow cytometric analysis with annexin V and propidium iodide staining. As shown in Figure 3B and 3C, serum starvation and hydrogen peroxide both induced apoptotic cell death. However, the percentage of apoptotic cell death in Girdin-depleted cells was comparable to that of control cells under either normal growing conditions or proapoptotic conditions ( Figure 3B and 3C). Girdin knockdown also had little effect on the percentage of dead cells ( Figure 3B ). These results indicate that Girdin plays a role in the proliferation of hVSMCs without affecting cell survival.
Girdin Is Upregulated and Phosphorylated in the Neointima of Rat Carotid Arteries After Vascular Injury
To examine the in vivo effects of Girdin on vascular remodeling, the expression and phosphorylation of Girdin in serial arterial sections prepared from rat carotid arteries after balloon injury (BI) were assessed by immunohistochemical analysis. As shown in Figure 4A , in the media of the intact artery, the expression and phosphorylation of Girdin was only sporadically detected. The positive staining for Girdin in the tunica adventitia seemed to be a nonspecific reaction, because the Western blot analysis using protein samples from whole intact arteries showed subtle Girdin expression ( Figure 4B ). As the neointima grew thicker, enhanced expression and phosphorylation of Girdin were observed in the neointima. Both the expression and the phosphorylation of Girdin in the neointima peaked at 14 days after BI, and persisted for at least 28 days. Then, the level dropped to the baseline by 42 days after BI. We confirmed the expression and phosphorylation of Girdin in injured arteries using the Western blot analyses of protein extracts from whole carotid arteries.
Only weak expression and phosphorylation of Girdin was detected in the intact artery, and both the expression and phosphorylation were markedly increased over time and became most apparent at day 14 after BI ( Figure 4B through 4D). The expression of Akt was not affected by BI. Additionally, as shown in Online Figure VI , most of the cells constituting the neointima revealed positive staining for Girdin and ␣-smooth muscle actin (␣-SMA). A few cells lining the vessel lumen were negative for ␣-SMA and Girdin at day 14. Morphologically, some of these cells had flattened nuclei and thin cytoplasms, suggesting that they might have been endothelial cells. It therefore appears that Girdin is upregulated and phosphorylated mainly in the neointima.
Girdin Is Essential for Neointima Formation After Balloon Injury In Vivo
To further analyze the involvement of Girdin in vascular remodeling, an adenoviral vector (Ad) encoding nontargeting shRNA (Ad-sh-control) or shRNA directed against Girdin (Ad-sh-Girdin) was transferred into balloon-injured arteries to selectively inhibit the expression of endogenous Girdin. First, we observed that the infection with Ad-sh-Girdin, but not Ad-sh-control, decreased the expression of Girdin in H9c2 cells, a cell line derived from embryonic rat hearts, showing the specificity and efficacy of the engineered adenoviruses (Online Figure VII, A) . Next, we confirmed the successful gene transfer to rat carotid arteries with adenoviral vectors (Online Figure VII, B ). Then, we introduced either Ad-sh-control or Ad-sh-Girdin into the rat carotid artery immediately after BI. Ad-sh-Girdin effectively suppressed the Girdin expression in the rat carotid artery (Online Figure  VII, C) . At day 14, thick neointima was observed in the control arteries, whereas the infection with Ad-sh-Girdin markedly prevented neointima formation ( Figure 5A ). The quantification analysis showed that the intima/media area ratios of Ad-sh-Girdin-infected arteries were significantly reduced at each time point ( Figure 5B ). In Ad-sh-Girdininfected arteries, neither the medial area nor the area surrounded by the external elastic lamina differed from those of Ad-sh-control-infected arteries (Online Figure VIII) , thus indicating that a smaller intima/media area ratio in Ad-sh-Girdin-infected arteries is attributed to decreased growth of the neointima. Because an increase in endothelial recovery is correlated with diminished neointima formation, 20 we evaluated the effects of Girdin knockdown on reendothelialization after BI with Evans blue dye staining. Regarding the percentage of the total area that was initially deendothelialized, the reendothelialized area was approximately 46% in the Ad-sh-control-infected arteries at day 14. Girdin knockdown did not have any significant effect on reendothelialization ( Figure 5C and 5D ), suggesting that the inhibitory effect of Girdin knockdown on neointima formation was unrelated to reendothelialization.
Girdin Affects Cell Proliferation, but Not Cell Survival, in Injured Arteries
A major step in neointima formation is VSMC accumulation within the intima, which is the sum of cell migration, cell proliferation and apoptotic loss of VSMCs. [21] [22] [23] We next examined the cell proliferation and apoptosis in ballooninjured arteries using immunostaining for proliferating-cell nuclear antigen (PCNA) and TUNEL staining, respectively (Online Figure IX) . In Ad-sh-control-infected arteries, the PCNA labeling index in the neointima reached 40% by day 10. Infection with Ad-sh-Girdin significantly reduced the PCNA labeling indices in the neointima, compared with Ad-sh-control-infected arteries ( Figure 6A ). The knockdown of Girdin had no apparent effect on PCNA labeling indices in the media ( Figure 6B ). On the other hand, cell survival in neither the neointima nor media was affected in Ad-sh-Girdin-infected arteries at any time point ( Figure 6C and 6D) . Collectively, these results suggest the involvement of Girdin in cell proliferation, but not in cell survival, after vascular injury in vivo.
Akt-Mediated Phosphorylation of Girdin at Serine 1416 Is Required for Neointima Formation After Vascular Injury
Finally, we examined the role of the phosphorylation of Girdin in neointima formation by using a mouse femoral artery wire injury model. We previously reported that serine 1416 of Girdin is phosphorylated by Akt, which is required for cell migration induced by growth factors. 12 In this study, to examine the role of Girdin phosphorylation in vivo, we generated Girdin S1416A knock-in mice, in which serine 1416 was replaced with alanine by conventional gene targeting (Online Figure X, A) . A Western blot analysis using an anti-phosphorylated Girdin antibody revealed that the phosphorylation of Girdin was not observed in the tissues from homozygous mice (Online Figure X, B) . These mice survived embryogenesis and did not show apparent gross abnormalities from birth through three months of age, thus suggesting that Girdin phosphorylation may be dispensable for embryonic and postnatal development.
To evaluate the involvement of Girdin phosphorylation in vascular remodeling in adults, P56 mice homozygous for the S1416A mutation and their wild-type littermates (termed Girdin SA/SA and Girdin WT/WT respectively) were subjected to femoral artery wire injury. In immunohistochemical studies using the injured arteries, the phosphorylation of Girdin could not be detected in the neointima of Girdin SA/SA mice (Online Figure X, C). Injured femoral arteries from Girdin SA/SA mice showed less intimal area compared with those of Girdin WT/WT mice 21 days after wire injury ( Figure 7A) . A histological analysis revealed that the intima/media area ratio and intimal area of arteries from Girdin SA/SA mice were significantly reduced as compared to those of Girdin WT/WT mice ( Figure  7B and 7C). The external elastic lamina area and medial area did not differ between the two groups (Online Figure XI) . These findings indicate that neointima formation requires not only Girdin expression, but also its phosphorylation at serine 1416. Additionally, the PCNA index in neointima in Girdin SA/SA mice was significantly lower than in Girdin WT/WT mice ( Figure 7D ). When VSMCs were isolated from Girdin WT/WT and Girdin SA/SA mice, immunocytochemistry revealed that most of the isolated cells were positive for ␣-SMA, and more multinucleated cells were observed in the VSMCs isolated from Girdin SA/SA mice than those isolated from the Girdin WT/WT mice (Online Figure XII, A and B) . We then examined the proliferation and motility of these cells. As a consequence, the proliferation and motility of Girdin SA/SA group were significantly impaired compared with the Girdin WT/WT group (Online Figure XII, C and D) . These data suggest that the attenuated neointima formation observed in Girdin SA/SA mice can be attributed to defects in the migration and proliferation of VSMCs.
Collectively, our results suggest that the Akt/Girdin signaling pathway plays a crucial role in neointima formation after vascular injury.
Discussion
In the present study, we demonstrated that Girdin regulates the remodeling of the actin cytoskeleton, migration and proliferation of hVSMCs. Transduction of shRNA directed against Girdin into the rat artery suppressed neointima formation after balloon injury. This was accompanied by decreased cell migration and proliferation of VSMCs. In addition, the neointima formation after wire injury was significantly suppressed in Girdin SA/SA mice, indicating that Akt-mediated phosphorylation is essential for vascular remodeling ( Figure 8) .
The PI3K-Akt signaling pathway has essential roles in neointima formation after vascular injury by regulating VSMC migration, proliferation and survival. Previous studies have demonstrated that administration of wortmannin, a PI3K inhibitor, decreased VSMC replication in the tunica media, 8 whereas transfection of a dominant-negative Akt mutant attenuated neointima formation by inhibiting cell proliferation. 7 In accord with this, several Akt substrates have been reported to have pivotal roles in neointima formation after vascular injury. 9 -10,24 -25 However, despite intensive research The rats were euthanized at the indicated days after BI. Their carotid arteries were subjected to immunohistochemical analysis using the indicated antibodies. Bar, 100 m. B, The Western blot analyses were performed to examine Girdin and Akt expression in rat whole carotid arteries after BI. C, Rat whole carotid arteries were harvested at the indicated days after BI. Immunoprecipitates with the anti-Girdin antibody were subjected to the Western blot analyses using the indicated antibodies. D, The phosphorylation level of Girdin in C was quantified by densitometry. The level in the intact artery was defined as 1.
efforts, the precise molecular mechanism by which the PI3K-Akt signaling pathway regulates vascular remodeling is still not fully understood. In particular, it remains to be elucidated how Akt regulates VSMC motility. In the present study, we showed for the first time that a novel Akt substrate, Girdin, is essential for the regulation of cell migration in VSMCs. We previously found that Girdin associates with the plasma membrane through the C-terminal domain, in which the Akt phosphorylation site exists. We therefore speculate that Akt-mediated Girdin phosphorylation at the cytoplasmmembrane interface regulates the association of Girdin and the plasma membrane, as well as its subcellular localization. 12 Depletion of Girdin abolished the actin rearrangement, chemotaxis and proliferation of VSMCs. Of note, Girdin depletion also abrogated neointima formation without affecting reendothelialization in balloon-injured rat carotid arteries. This indicates that Girdin is a key player in the Akt-mediated VSMC migration and vascular remodeling. We demonstrated that a specific PI3K inhibitor, LY294002, and siRNA-mediated Akt knockdown effectively attenuated Girdin phosphorylation in hVSMCs, as well as other cell types. 12, 15 These results suggest that Girdin phosphorylation at serine 1416 depends on the PI3K-Akt signaling pathway in VSMCs. We previously reported that phosphorylation of Girdin at serine 1416 by Akt is essential for cell motility in immortalized fibroblasts. 12 In this study, we demonstrated that Girdin is phosphorylated in hVSMCs stimulated by PDGF-BB or Angiotensin II. An additional important finding is that phosphorylated Girdin was strongly detected in the neointima at days 7 and 14 after BI, which is in parallel with the formation of the neointima. 26 Furthermore, in Girdin S1416A knock-in mice, neointima formation after vascular injury was markedly attenuated. We therefore discovered a novel signaling pathway which governs the vascular remodeling downstream of Akt.
Although Girdin S1416A knock-in mice did not show any abnormalities by at least three months of age, as observed in Girdin Ϫ/Ϫ mice, 15 it was of our interest to know that Girdin Ϫ/Ϫ and Girdin SA/SA mice displayed impaired regulation of postnatal angiogenesis and vascular remodeling, respectively, without any effect on embryonic vasculogenesis. One difference between Girdin Ϫ/Ϫ and Girdin SA/SA mice is that the Girdin Ϫ/Ϫ mice showed severe defects in postnatal angiogenesis and neurogenesis in the dentate gyrus of the hippocampus and eventually died by P25. 15, 27 In contrast, the Girdin SA/SA mice survived longer. Our study thus suggests that although Girdin phosphorylation is important for the vascular remodeling in adulthood, it does not explain all of the functions of Girdin in vivo.
We showed that Girdin knockdown had little impact on the activity of Akt signaling in hVSMCs, consistent with our previous report in endothelial cells, 15 though other groups have reported that Akt phosphorylation is attenuated by depletion of Girdin. 13, 16, 19 One way to explain this discrepancy is that the process may be dependent on the cell type used. The other authors obtained their results using several types of immortalized cell lines, whereas we used primary cells. Therefore, it may be plausible that the involvement of Girdin in Akt phosphorylation depends on the cell type. Further studies are needed to understand the synergy between Girdin and Akt.
Our data demonstrated that depletion of Girdin abrogated neointima formation even at an early stage after BI, when cell replication was maintained at a lower level. Because the intimal VSMCs at early stages are considered to be derived mainly from medial VSMC migration into the intima, 22,28 it seems plausible that the attenuation of neointima formation by Girdin knockdown would be due, at least in part, to decreased early VSMC migration. In support of this possibility, we demonstrated an attenuated cell migration in Girdindepleted hVSMCs and VSMCs isolated from Girdin SA/SA mice.
Interestingly, our results showed that Girdin is involved in VSMC proliferation, both in vitro and in vivo. Our previous reports showed that Girdin had little effect on the proliferation of endothelial cells and breast cancer cells, 15, 29 whereas Anai et al showed attenuated DNA synthesis in Girdindepleted HepG2 cells. 13 We found that Girdin knockdown or its S1416A mutation decreased the number of PCNA-positive cells in the neointima, thus supporting their data, and demonstrating for the first time that Girdin is involved in cell proliferation in vivo. Our results suggested that the impaired proliferation of VSMCs is due, at least in part, to cell cycle delay caused by the defect in cytokinesis. It remains unknown, however, why the effect of Girdin on proliferation depends on cell types. This issue should therefore be determined in future studies.
Reendothelialization is an important aspect of the response to vascular injury. 20 -21 It is traditionally believed that endothelial cells migrate and proliferate from intact neighboring arterial segments, resulting in the reendothelialization of the injured segment. 3 Although we previously reported that the depletion of Girdin prevents the migration of cultured human umbilical vein endothelial cells, 15 the results of the present study demonstrated that the depletion of Girdin did not affect the reendothelialization in a balloon-injured rat carotid. Considering that the expression of Girdin is not observed in endothelial cells in arteries with thick smooth muscle layers, 15 the migration of endothelial cells may be independent of Girdin during the process of reendothelialization. In fact, we observed the Girdin and ␣-SMA negative cells lining the vessel lumen. Alternatively, in light of these data and our previous findings, 15 it is likely that the expression of Girdin is spatially and temporally regulated in the endothelial cells of rat carotid arteries. Therefore, another possibility is that the Ad-sh-Girdin infection was limited to the injured segment, which would still allow the noninfected endothelial cells to express Girdin protein transiently during their migration from an adjacent intact area, leading to successful reendothelialization.
In conclusion, Girdin is essential for the rearrangement of the actin cytoskeleton, as well as for the migration and proliferation of hVSMCs, which is vital for neointima formation after vascular injury. Our findings support the notion that the Akt/Girdin signaling pathway functions as a crucial regulator of vascular remodeling. Therefore, Girdin may be an important therapeutic target for vascular proliferative diseases such as restenosis and atherosclerosis.
